The mass transport characteristics of cationic, nonviral liposome-DNA plasmid complexes (lipoplexes) were evaluated over a range of fluid shear stresses. The typical case of stagnant flow transfection was expanded to include controlled fluid convection provided by constant flow through a parallel plate flow chamber. Equations describing the transport of lipoplex by sedimentation and convection were derived from theory and solved numerically. Instantaneous lipoplex delivery rate and total lipoplex surface delivery during a 72-h transfection were estimated for two shear stress levels and for static conditions. Theory predicted that lipoplex is delivered to the cell surface more than 12-to 19-fold faster through the addition of convection, at least for physiologic shear stresses of 2.3-9.7 dyn/cm 2 , respectively. These calculations were tested experimentally using a cell line (ECV-304) transfected with fluorescently labeled plasmid DNA formulated into a lipoplex. Transfections were conducted during cellular exposure to the same known, uniform levels of fluid shear stress presumed in theoretical calculations. Lipoplex delivery was increased by more than nine-fold at 2.3 dyn/cm 2 compared to the static case as assessed by flow cytometric measurement. Lipoplex delivery was modestly reduced at the highest fluid shear stress, to six-fold of the static case, consistent with the disruption of lipoplex-cell binding mediated by hydrodynamic forces. The complicated relationship between fluid convection and lipoplex delivery has important implications for nonviral gene therapy. Gene Therapy (2005) 12, 512-520.
Introduction
Nonviral transfections conducted in vitro typically involve a 'bolus' of plasmid sedimenting through static fluid medium toward a monolayer of cellular targets. This 'bolus' consists of the plasmid DNA (pDNA) complexed with polymer or lipid to form a polyplex or lipoplex, respectively. The ideal lipoplex facilitates cellular incorporation and protects the plasmid from inactivation. Although lipoplex characteristics that optimize transgene expression are not comprehensively known, effective formulations typically result in lipoplex particles 50-250 nm in diameter. Lipoplexes in this size range are suitable for cellular uptake by endocytosis, but are too large for effective diffusive transport in the surrounding fluid medium. Further, lipoplex density is similar to that of the surrounding fluid, minimizing gravitational settling velocity. This work attempts to answer an important question fundamental to optimization of in vivo nonviral gene therapy: 'Is transgene expression limited by the mass transport of lipoplex? ' Many proposed clinical implementations of gene therapy involve lipoplex delivery via the vasculature, a flowing system. Consequently, the ability of current in vitro trials, typically conducted in the absence of fluid motion, to accurately reflect in vivo performance in the presence of fluid motion, is an important consideration. The use of fluid motion to enhance lipoplex delivery also represents an unexplored opportunity to increase nonviral transgene expression.
Although parallel plate systems vary in design and complexity, their mass transport characteristics are well known. In 1961, Brenner divided the two-dimensional problem of rigid sphere motion in parallel flow into two problems. In the case of zero fluid velocity, the downward velocity of the sphere due to gravitational acceleration, typically found using Stokes' Law, was corrected to account for the sphere's approach to the plane wall, and solved mathematically in 1961. 1 This strategy accurately predicted the sphere's downward trajectory under creeping flow conditions, but neglected translational velocity. In 1967, working in conjunction with Goldman et al, 2, 3 Brenner determined the translational velocity of the sphere subject to fluid flow for the same set of creeping flow conditions (Reynolds number o0.1).
The study of spheres in parallel flow has expanded to address the effects of surface diffusivity, electrokinetic lift and sphere adhesion to a plane surface [4] [5] [6] [7] [8] [9] [10] [11] [12] since Goldman and Brenner's work. In 1990, Wattenbarger et al 13 determined the trajectory of a glycophorin liposome traveling toward a glass surface. Consistent with Goldman and Brenner, Wattenbarger's group used creeping flow conditions, performed nondimensionalization, correlated all dependent variables to z/a (the ratio of the distance from the wall to the particle radius) and solved the resulting differential equations through numerical approximation. Their original transport equations, and many of the boundary conditions, are directly applicable to the present work.
Convective mass transport of lipoplex is assessed in this study using the uniform, controlled convection provided by in vitro parallel plate flow. Parallel plate flow is also desirable because it is well described, both theoretically and experimentally. [1] [2] [3] [4] [14] [15] [16] This work seeks to characterize the addition of convection to static transfection protocols in terms of modulating the amount of plasmid that reaches the cellular surface and, consequently, the amount available for uptake and successful incorporation into the cell. The addition of flow to a static system also inherently adds fluid shear stress. The addition of fluid shear stress augments mass and heat transport 5, 6, 17 and modulates cellular activity, [14] [15] [16] 18, 19 but the exact mechanisms through which it functions are incompletely known. The physiochemical factors that govern gene transfer for retroviral methods have been extensively considered. [20] [21] [22] [23] [24] [25] None of these published studies, however, considers nonviral lipoplexes. Previous work based on retroviral Brownian diffusivity is applied here to the static case of lipoplex diffusing toward a plane surface of cellular targets. Additional factors, also considered here, are required to describe lipoplex transport completely.
The mass transport characteristics of a typical, in vitro, stagnant transfection protocol, previously evaluated for viral vectors, 20 are translated to nonviral lipoplex delivery. This stagnant case is then modified to include convection -the addition of flow to the system facilitated by a parallel plate flow chamber -and to characterize the role of convection on plasmid delivery. The mass transport characteristics for the convective system will be described, and compared with those for the stagnant case. Lipoplex delivery estimated from theory will be tested experimentally and estimated through flow cytometry of cells exposed to fluorescently labeled lipoplex in the presence of controlled convection.
Results

Model predictions
Lipoplex delivery to the cell surface under typical transfection conditions and in the absence of flow was 0.4, 0.9 and 2.5% of the initial lipoplex dose for lipoplex diameters of 100, 150 and 250 nm, respectively (Figure 1 ). Decreasing the transfection fluid volume to provide a depth of 220 mm while maintaining the same lipoplex number increases lipoplex deposition by a factor of 4.5, in direct proportion to the change in fluid depth. The near-linear behavior of lipoplex delivery as a function of incubation time is consistent with Stokes' Law modulated by surface correction terms. The number of lipoplexes associated with cells can be obtained by taking the product of the fractional lipoplex delivery and the initial lipoplex dose, 4.24 Â 10 13 plasmids. The addition of flow significantly increases lipoplex contact with the cell surface. Cells exposed to lipoplex suspension in the parallel plate chamber at a wall shear stress of 2.3 dyn/cm 2 experienced deposition of 9.7, 14.2 and 22.6% of the initial lipoplex dose for lipoplex diameters of 100, 150 and 250 nm, respectively. Under flow conditions that resulted in a wall shear stress of 9.7 dyn/cm 2 , lipoplex delivery to the cell surface was 14.9, 21.5 and 33.2% of the originally administered lipoplex for lipoplex diameters of 100, 150 and 250 nm, respectively ( Figure 2 ). The asymptotic approach of lipoplex delivery toward 100% with increasing exposure time is characteristic of this two-compartment, wellmixed system. The initial rates of lipoplex delivery to the cell surface are significantly greater under flowing conditions than static conditions as revealed by comparison of the slopes near t ¼ 0 in Figures 1 and 2 .
The time required to deliver 50% of the total lipoplex dose (t 1/2 ) is significantly reduced by the addition of fluid convection (Table 1) . For a typical lipoplex diameter of 150 nm, transfection under conditions of rather slow flow (t ¼ 2.3 dyn/cm 2 ) reduced t 1/2 by more than 12-fold compared to traditional static fluid conditions, including Convective flow increases lipoplex delivery rate SS Harris and TD Giorgio a fluid depth of 1000 mm. Increasing the flow to approximately the average systemic cardiovascular value in resting humans (t ¼ 9.7 dyn/cm 2 ) further improved the rate of lipoplex deposition to more than 19 times that of conventional transfection in the absence of flow. Reduction of the static fluid depth to 220 mm without corresponding reduction in the number of initially administered lipoplexes significantly decreases t 1/2 relative to the typical transfection fluid depth of 1000 mm. However, even under these unusual, but potentially achievable, high concentration transfection conditions, convection significantly increases lipoplex delivery to the cell surface. Modulation of lipoplex delivery to the cell surface by fluid motion and depth is highlighted in Figure 3 for 150 nm diameter lipoplexes. In all cases, deposition rate was greater for larger lipoplex diameters (other characteristics held constant), consistent with the functionality of Stokes' Law. Comparison of the typical static transfection exposure time (1-24 h) with the t 1/2 for lipoplex delivery (79-495 h) reveals an interesting observation on the inefficiency of in vitro transfections.
The path of a lipoplex through the flow chamber can be estimated from the computational model. The trajectory of lipoplexes that impact the cell surface at the outlet of the flow chamber can be mapped back to the inlet of the flow chamber. The inlet position of lipoplexes that reach the cell surface just at the flow chamber outlet is a critical limiting vertical position. All lipoplexes that enter the flow chamber between the cell surface and this limiting vertical position will impact the cell surface. Computed lipoplex trajectories are used to estimate the fraction of all lipoplex entering the flow chamber that contact the lower surface of the parallel plate flow chamber ( Figure 4 ). Smaller particles sediment more slowly than large particles and have correspondingly reduced maximum entry positions for sedimentation within the chamber. Nonlinear effects of the boundary are evident, especially for particle trajectories at the smaller wall shear stress of 2.3 dyn/cm 2 where the slower fluid velocity provides a longer transit time through the chamber.
Collisional efficiencies less than unity are predicted to reduce the rate of lipoplex delivery to the surface of the parallel plate flow chamber ( Figure 5 ). Lipoplex-surface interactions that do not result in capture are presumably a function of the number and strength of binding domains relative to the hydrodynamic forces that act on the lipoplex.
Experimental observations
A total of 12 transfection experiments were performed for comparison with theoretical calculations. Four cohorts of cells, treated with lipoplex prepared with unlabeled pDNA, were measured as controls by flow cytometry to establish positive gating for Cy3 fluorescence. Three static transfections (Q ¼ 0, t ¼ 0) were analyzed using the same gating method. The mean lipoplex diameter stabilized within 30 min of preparation at 148721 nm following mixing and was unchanged over a period of hours in Opti-Mem cell culture medium as assessed by dynamic laser light scattering (Malvern Zetasizer 3000HS). The average cell contained 560 plasmids, yielding a total delivery of 1.3 Â 10 9 plasmids to all cells exposed to this static transfection. This experimental evidence suggests that 0.5% of the administered lipoplexes enter cells following a 4-hour static transfection.
Three low-level shear experiments (Q ¼ 0.060 cm 3 /s, t ¼ 2.3 dyn/cm 2 ) were analyzed using the same flow cytometry gating method. For this level of convective The typical fluid depth of transfections conducted at 0 dyn/cm 2 is 1000 mm; lipoplex delivery estimates for static transfections with a fluid depth of 220 mm were conducted for comparison with the parallel plate transfections. The lipoplex incubation time of the experimental work of this study was 4 h. NA ¼ not applicable.
Convective flow increases lipoplex delivery rate SS Harris and TD Giorgio flow, the average cell contained 5100 pDNA copies. The total delivery of 5.1 Â 10 9 plasmids to all cells represents 2.0% of the originally administered dose. Experimental data from two upper level flow trials (Q ¼ 0.257 cm 3 /s, t ¼ 9.7 dyn/cm 2 ) was averaged to yield 3360 plasmids/cell or 1.3% of the initial plasmid dose. The addition of convective mass transfer by fluid motion increased lipoplex delivery to the cell monolayer by more than nine-and six-fold for shear stresses of 2.3 and 9.7 dyn/cm 2 , respectively. Experimental results are summarized in Table 2 .
The fractional collisional efficiency (f) calculationally estimated from plasmid delivery measurements is maximized under static transfection conditions and decreases monotonically with shear stress. Lipoplexes assembled by the Materials and methods in this work have a mean diameter of approximately 150 nm when analyzed by light scattering methods. Estimated f is shown in Table 3 for transfections at 0, 2.3 and 9.7 dyn/cm 2 .
Discussion
The large modulation of lipoplex delivery by fluid motion raises a potentially significant issue in traditional in vitro transfections. The significant impact of modest fluid motion on lipoplex delivery to the cell surfacerelative to a purely motionless transfection fluidincreases the probability that seemingly minor differences among transfection practitioners may have a large impact on results. Clearly, the act of lipoplex addition to the cell culture generates some fluid motion, as does the initial transfer of cell culture to incubator. Many transfection protocols specify some form of fluid motion to mix the lipoplex addition. The duration, intensity and frequency of such departures from motionless fluid may play a key role in successful transfections. Frequent removal of the culture from the incubator to assess transfection progress (visual monitoring of GFP fluorescence by microscopy, for example) induces the fluid motions that may improve transfection. Convective flow increases lipoplex delivery rate SS Harris and TD Giorgio
The role of lipoplex size in modulating delivery is also a transfection parameter that warrants careful consideration. For diameters below 500 nm, endocytosis efficiency decreases as the particle size increases. 26 The rate of particle approach to the cell surface, however, is approximately proportional to the square of the particle diameter. This is a classic optimization opportunity, but one that is likely to have a unique solution for every cell type and lipoplex formulation. Nevertheless, previous attempts to characterize the role of lipoplex size on transfection efficiency have implicitly, but incorrectly, presumed an invariant lipoplex delivery rate.
Correlation between static in vitro and dynamic in vivo transgene expression, previously recognized to be difficult, is further complicated by fluid convection modulation of lipoplex-cell interaction. Although many factors contribute to this well-known disconnect between laboratory and clinical gene therapy, the role of fluid motion on lipoplex access to the cell surface has not been previously characterized. Comparison of model and experimental results in this study suggests that calculational methods can provide high fidelity representations of physical behavior. The single most important parameter required for effective theoretical representation of lipoplex delivery, however, is the collisional efficiency, a variable not easily derived in the absence of experimental measurements. An integrated approach in which the theoretical and experimental methods are developed with information from each other is a key, powerful component of the present work.
The probability of lipoplex-cell conjugate formation (f) presumably reflects the competition between molecular recognition characteristics that facilitate association and hydrodynamic forces that discourage association. For lipoplexes capable of cellular incorporation, in the absence of fluid forces, the approach of f toward unity is governed by the rate of uptake relative to the incubation duration. Departures from unity under these conditions presumably reflect the refractory period between lipoplex delivery to the cell surface and lipoplex-cell association sufficiently robust to withstand repeated washing (three times with CMF-PBS and once with Cell Scrub). Cell Scrub has been reported to significantly decrease the number of lipoplexes associated with cells. 27, 28 Lipoplexes removed by Cell Scrub washing are presumed to be loosely associated with the cell surface rather than incorporated into the cell.
For low fluid velocities and/or strong, rapid lipoplexcell binding, f should also approach unity. Previous work in a similar flow chamber demonstrated that the probability of glycophorin liposome adhesion to a lectin surface was nearly unity up to a shear rate of 22 s À1 (t ¼ 0.2 dyn/cm 2 using the viscosity of this work). 13 The lipoplexes in this study have no specific receptor on the cell surface and primarily depend on electrostatic interaction with the cell surface to trigger cellular entry by endocytosis The static f values obtained here are consistent with previous work 13 compensated for the presumably weaker lipoplex-cell association forces.
As fluid motion is introduced, f decreases sharply followed by a continuing reduction with increasing fluid shear stress. This behavior presumably reflects a balance between the forces of association (molecular 13 and electrostatic 29 ) and dissociation (hydrodynamic, described in this work). The decrease in f with respect to fluid shear stress is consistent with this hypothesis as dissociative hydrodynamic forces increase with fluid shear stress, but the associative molecular forces are invariant. The results obtained here are also in agreement with previous studies in which molecular association forces were modulated in the presence of constant hydrodynamic force. 13 f may also be reduced by steric hindrance of surface-associated lipoplex, at least under conditions of significant lipoplex delivery.
Lipoplex delivery to the cell surface is particularly sensitive to fluid shear stress and lipoplex diameter. Variance testing of other experimental factors, including lipoplex density and medium viscosity, indicate that these variables are of relatively modest importance in modulating lipoplex delivery to the cell surface. In addition, lipoplex delivery to cells cannot be practically increased through modulation of static transfection fluid depth and/or initial lipoplex concentration. Comparison between static and dynamic transfections in this work presumed conventional experimental conditions. In particular, unless specifically noted, the fluid layer was 1000 or 220 mm for static or parallel plate transfections, respectively. In addition, the initial lipoplex concentration in the flowing transfections was 10% of that for the static cases due to dilution of the lipoplex suspension in the recirculating fluid volume. Model predictions suggest that decreasing the static fluid depth to 220 mm increases lipoplex delivery by approximately 4.5-fold (equal to the ratio of fluid depths). Despite the 4.5-fold greater initial lipoplex concentration, shallow static fluid transfection is predicted to deliver 3.5-fold less lipoplex than transfection conducted at a shear stress of 2.3 dyn/ cm 2 . This difference, which presumes a lipoplex diameter of 150 nm, is increased to more than 5.2-fold in favor of parallel plate transfection at 9.7 dyn/cm 2 over static conditions at a fluid depth of 220 mm. Similar differences between static and dynamic transfection conditions are predicted for other lipoplex diameters.
Collisional efficiencies less than unity suggest that targeted lipoplex delivery may be an effective method of improving transgene expression. Static collisional efficiency is 0.58, offering an opportunity for modestly increased lipoplex delivery through improved molecular recognition at the cell surface. Collisional efficiencies in flowing transfections, however, are rather low at 0.13 and 0.05 for shear stresses of 2.3 and 9.7 dyn/cm 2 , respectively. In this environment, a mimic of the in vivo cardiovasculature, molecular targeting approaches and modulation of electrostatic properties appear to have significant potential for increasing irreversible lipoplex delivery to target cells.
Initial experiments (not shown here) used 4.5 mg of pDNA at the same optimal lipid:pDNA ratio described in the Materials and methods. Although experimental results were obtainable under static transfection conditions with this higher pDNA dose, all convective flow transfections failed due to cell detachment from the parallel plate surface. A systematic evaluation of hypotheses eliminated a wide range of environmental and operational variables as explanatory characteristics for these failures. Lipoplex toxicity was the only hypothesis supported by the results of these additional studies. The three-fold reduction in lipoplex concentration used to obtain the results described here was consistent with robust cell adhesion and normal cell 
Materials and methods
Experimental design
The calculational and experimental portions of this work were prepared in a complimentary way; the computational model presumes the physical and operating characteristics of the experimental design. ECV-304 cells were grown to 80% confluence on glass microscope slides (75 Â 38 mm 2 , Fisher Scientific, Pittsburgh, PA, USA). Slides were mounted in a parallel plate chamber (CytoShear Flow Chamber, Cytodyne, La Jolla, CA, USA) and perfused with Opti-Mem (Life Technologies Inc., Gaithersberg, MD, USA).
14 The flow loop, upper and lower reservoirs and cell chamber were installed in a standard mammalian cell incubator (Forma Scientific) and maintained at 371C and 5% CO 2 for the duration of the experiment. Lipoplex was introduced to the medium via syringe injection into the lower reservoir, where it was mixed with a large volume of Opti-Mem for recirculation.
Opti-Mem-containing lipoplex is pumped to the upper reservoir and delivered to the cell chamber through the inlet port under the influence of the fluid column height. Fluid flows from the chamber outlet port into the lower reservoir, exposing the cell layer to the same recirculated medium throughout the course of the 4-hour transfection.
Wall shear stress (t) is related to flow through the chamber as
For the parallel plate flow chamber used here, a volumetric flow rate (Q) of 0.257 cm The design of the parallel plate flow chamber and the operating conditions selected mimic important characteristics of in vivo cardiovasculature. The fluid dynamics of the flow chamber impose a uniform fluid shear stress on the cells attached to the plane surface. The magnitude of the shear stress can be carefully controlled by the volumetric flow rate. The shear stresses selected here (2.3 and 9.7 dyn/cm 2 ) are representative of normal human cardiovasculature with 10 dyn/cm 2 generally accepted as the average wall shear stress for the entire circulatory system. In vivo wall shear stresses, of course, have a wide range from 100's of dynes/cm 2 in the aorta (although briefly and periodically) upon ventricular ejection to 1-3 dynes/cm 2 in the venous circulation (essentially continuously). Thus, the design and operation of the parallel plate flow chamber in this work is designed to mimic the average cardiovascular and venous wall shear stresses in vivo.
Static mass transfer equations
Lipoplex delivery toward the cellular monolayer during a static transfection is controlled by gravitational sedimentation and Brownian motion. 20 Lipoplex sedimentation is governed by the well-known Stokes' equation
where lipoplex density (r 1 ) was 1.048 g/cm 3 30 and medium density (r 2 ) was 1.009 g/cm 3 . Lipoplex radius (r) was varied from 1.0 Â 10 À5 to 2.5 Â 10 À5 cm, yielding velocities of sedimentation (V sed ) that ranged from 2.81 Â 10 À8 to 1.75 Â 10 À7 cm/s, respectively. The gravitational constant (g) is À981 cm/s 2 . The Brownian root mean square (RMS) displacement (l) is estimated as
where t is the time of observation. Theory predicts the diffusion coefficient (D) to be inversely proportional to particle radius
where temperature (T) was 310.7 K and Boltzmann's constant (k B ) is 1.38 Â 10 À16 g-cm . The Brownian RMS displacement of a 150 nm lipoplex in 5.5 s is 6.6 mm compared to the flow chamber dimensions of 60 000 mm (length) Â 25 000 mm (width) Â 220 mm (height). Increasing the flow rate decreases both the transit time and the Brownian RMS displacement. The Brownian RMS displacement is proportional to temperature 1/2 , time 1/2 , viscosity À1/2 and diameter À1/2 . Of these parameters, lipoplex diameter has the largest practical range, from approximately 50 nm to, perhaps, 500 nm. Thus, the Brownian RMS values estimated here for a 150 nm lipoplex can be increased by a factor of (150/50) 1/2 ¼ 1.7 for small lipoplexes and decreased by a factor of (500/150) 1/2 ¼ 1.8 for large lipoplexes. Typical static transfections occur in fluid depths on the order of 1000 mm; however, the maximum medium depth in the parallel plate flow chamber is 220 mm to maintain suitable fluid dynamic characteristics. In order to compare results between the static and convective cases, static lipoplex delivery was computationally estimated for both 1000 and 220 mm static fluid depths. The initial lipoplex dose was held constant in these trials, providing a starting lipoplex concentration 4.5-fold greater in the shallow fluid depth case. Lipoplexes were presumed to be uniformly distributed within the static fluid layer at Convective flow increases lipoplex delivery rate SS Harris and TD Giorgio the onset of transfection. The fluid was presumed to be completely quiescent during the 4-hour transfection. The number of lipoplexes that reach the cell surface under static conditions was estimated from Stokes' Law sedimentation (Equation (2)) corrected for wall effects as described below and summarized as Equation (7).
Convective mass transfer equations
Lipoplex rate of descent in convective flow remains governed by velocity of sedimentation; however, the presence of the wall disrupts the velocity profile in the boundary layer. Therefore, as the lipoplex approaches the wall, its velocity of sedimentation decreases greatly. Thus, instead of traveling a linear path toward the cell surface, a lipoplex in convective flow travels farther (translationally) as it approaches the wall, producing a concave inward trajectory. Consequently, the equation governing the velocity of sedimentation must be corrected to account for the boundary layer effects near the plane wall. Brenner derives a correction factor, l, which is employed here as well.
where a is defined as
In this definition, z is the instantaneous distance of the sphere center from the plane and a is the sphere radius. Note that the lipoplex touches the wall when the ratio of z/a ¼ 1. The coordinate system is defined with the z-direction normal to the cell surface (with z ¼ 0 at the cell surface) and the x-direction aligned with the bulk fluid velocity (with x ¼ 0 at the parallel flow inlet). This treatment presumes the lipoplex to be a sphere; therefore, Brenner's value of h is set equal to z here. Thus, the corrected rate of sedimentation (dz/dt) is
Further, the corrected translational velocity of the lipoplex (dx/dt) is given by
The distance between the lipoplex center and the plane (z) is a function of translational position. Brenner and Goldman developed g as a correction factor based on the simultaneous solution of differential equations that describe the force and torque on a neutrally buoyant sphere near a plane wall in a fluid shear field. 3 As h/a-N (spheres with small, finite diameter far from the cellcovered wall), g-1. As h/a-1 (spheres with small, finite diameter contacting the cell-covered wall), g-0.
The appropriateness of estimating lipoplex trajectories using the methods of Goldman, Cox and Brenner 1-3 is validated by the slow, viscous flow experimental conditions characterized by particle Reynolds numbers (N RE, p ¼ 2r 2 V sed r/m) less than 0.1. The wall shear rate (S) is the product of the wall shear stress (t) and the inverse of the fluid viscosity (m)
Calculational model: lipoplex sedimentation in laminar, parallel plate flow
For any selected volumetric flow rate, the fluid shear stress (t) and the velocity of sedimentation (V sed ) were determined utilizing Equations (1) and (2). Instantaneous lipoplex positions were iteratively estimated as a function of time by numerical integration of Equations (7) and (8) for vertical distance from the bottom surface (z ¼ 0) and translational distance down the chamber (x ¼ 0), respectively. The sedimentation correction factor (l) was calculated for each time step using Equations (5) and (6) and used in Equation (7) to refine the z-position of the lipoplex. Goldman's correction factor was provided as a lookup table and used in Equation (8) to refine the x-position of the lipoplex. The simulation was carried out for an overall time consistent with settling or discharge of lipoplexes that enter the parallel plate flow chamber at the maximum distance from the bottom surface (z ¼ 220 mm).
The trajectory of lipoplex motion was estimated for initial particle heights (z 0 ) 0 mmpz 0 p220 mm with lipoplex entry along the translational plane x 0 ¼ 0. The maximum initial height (z 0 ) at which the lipoplex can enter the flow chamber (at x 0 ) and sediment before traversing 6.0 cm of translational distance and exiting the chamber was estimated. Model assumptions include uniform entry distribution of lipoplexes, uniform velocity profile in the chamber and acceleration due to gravity acting only in the z-dimension. Creeping flow was also assumed, consistent with N RE, p o0.1 for all conditions evaluated.
Lipoplex trajectory and maximum entry height were calculated for lipoplex diameters of 100, 150 and 250 nm, and for chamber flow rates of 0.060 and 0.257 cm 3 /s. The maximum entry height for sedimentation in the chamber characterizes the fraction of entering lipoplexes that reach the cell surface. A second model based on a compartment approach was used to estimate the total lipoplex delivery to the cell surface as a function of exposure time in a flowing system.
Calculational model: two-compartment model of lipoplex delivery in flow
The experimental system was composed of upper and lower fluid reservoirs and the parallel plate flow chamber connected by small diameter tubing. The fraction of lipoplexes that contacted the cell surface served as the input to a two-compartment model. The upper and lower reservoirs were combined to form compartment one, labeled C R , and the flow chamber was modeled as compartment two, C C . Given a closed, steady-state system, the flow rate through the parallel plate chamber was invariant. The initial lipoplex concentration in the reservoir and the maximum lipoplex entry height for sedimentation were both known. Uniform distribution of lipoplexes in the fluid entering the parallel plate flow chamber was assumed. Conservation of mass was applied to ensure that the molar flow of lipoplexes into the chamber equals the molar flow out of Convective flow increases lipoplex delivery rate SS Harris and TD Giorgio the chamber minus deposition on the cell monolayer. From these two constraints
where Q RO is the initial molar flow rate from lower reservoir in mol/s, Q is the flow rate in the flow loop in l/s and M res is the molarity of lipoplex in lower reservoir in mol/l. Applying conservation of mass
where Q R (t) represents the dynamic molar flow rate from reservoir in mol/s and Q C (t) represents the dynamic molar flow rate from chamber in mol/s. Further, the dynamic molar flow rate from the chamber is a function of the fraction of lipoplexes that reach the surface (f) and the fraction of those lipoplexes that were incorporated by the cells (f) via the following equation
The fraction of lipoplexes reaching the cell surface was predicted by the trajectory calculations described above. The probability of a lipoplex-cell interaction resulting in irreversible binding is described by f, where f ¼ 1 represents cellular adhesion of every lipoplex that impacts the cell surface. Rapid, irreversible association between liposomes and cells has been previously demonstrated 27, 31 with fE1. Theoretical analysis performed here presumes f ¼ 1. Experimentally measured values of lipoplex delivery to cells allow estimation of f under stationary and flowing transfection conditions. Q R and Q C were iteratively estimated over the span of 72 h. The total number of lipoplexes delivered to the cell surface was calculated as a function of time as the integrated sum of [(Q R -Q C ) Q].
Experimental methods
pGreenLantern plasmid (pGL, Life Technologies Inc., Gaithersberg, MD, USA) is a 5.0-kbp plasmid encoding a CMV-driven mutated GFP (Ser65-Thr) with the SV40 intron and polyadenylation signals. pDNA was labeled as described previously, 32 resulting in 35.3 Cy3 fluors/ plasmid. Unreacted Cy3 was removed by filtration through manufacturer-supplied G50 Microspin Purification Columns followed by ethanol precipitation. Purified labeled pDNA was then resuspended in TE buffer and stored at À201C.
ECV-304 cells were cultured and maintained at 371C, 5% CO 2 and 95% humidity in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% calf serum (Life Technology). For each glass slide, ECV-304 cells were counted (Coulter Counter), seeded at a density of 1.5 Â 10 5 cells/cm 2 and incubated overnight. Liposome (24 ml) was added to 1 ml of serum-free medium (OptiMem, Life Technologies Inc.). Cy3-labeled pDNA (1.4 mg) was then added to form the lipoplex. This ratio of TransIT (Panvera) lipid:pDNA was selected based on expression optimization studies conducted as described previously. 33 This solution was gently mixed and then incubated at room temperature for 20 min.
A 0.8 cm border of cells was scraped from the edge of the glass slide to accommodate placement within the parallel plate flow chamber. Cells were then washed with 5 ml Opti-Mem. For static experiments, 1 ml of the OptiMem-containing lipoplex was applied dropwise to cells cultured in standard six-well tissue culture plates (BD Biosciences, Bedford, MA, USA). In the convective case, the glass slide was mounted in the parallel plate chamber and flow was initiated. Once flow was established, 1 ml of the Opti-Mem-containing liposomes was injected into the lower reservoir via a sample port, creating a total system volume of 10 ml. Note that these experimental conditions maintained constant total lipoplex per sample, but that the lipoplex concentration under static conditions was 10-fold greater than that in the flowing system. Fluid depth in the flow chamber and six-well plate was 220 and 1000 mm, respectively. Cells were cultured for 4 h under standard conditions in the presence of lipoplex. After 4 h, medium from the sixwell plates was aspirated and replaced with complete cell medium without lipoplex. Parallel plate flow was discontinued after 4 h, the flow chamber was disassembled and the plate with attached cells was gently rinsed, submerged in complete cell medium without lipoplex and returned to standard, static culture conditions for the remainder of the experiment.
Cell harvest occurred 2 h after the medium was changed or the flow chamber was disassembled. Cell culture medium was removed and cells were washed with 5 ml of CMF-PBS. To remove extracellular cellassociated plasmid, 5 ml of CellScrub (Gene Therapy Systems, San Diego, CA, USA) was added to each sample and incubated at room temperature for 15 min. The CellScrub was then removed and cells were washed twice with CMF-PBS. The duration of lipoplex-cell contact is consistent with complete lipoplex internalization. 34 Nevertheless, it is possible that some surfaceassociated, but not internalized, lipoplex was removed in the final washing step. A measure of 1 ml trypsin was added and cells were incubated at room temperature until detachment occurred. Cells were immediately transferred into labeled cytometer tubes and 1 ml DMEM containing 10% calf serum was added to stop trypsinization. 125 ml of 16% paraformaldehyde (PFA) was added for 5 min at room temperature to fix cells. Cells were then pelleted by centrifugation at 2000 r.p.m. for 5 min, and washed twice with 1% PFA in CMF-PBS. Cells were filtered through 70-mm mesh before analysis on the flow cytometer. Cells were kept at 41C until analysis, which occurred less than 24 h after harvest.
Cell samples were analyzed for Cy3 fluorescence by a FACScan (Becton-Dickinson) flow cytometer that has an argon laser exciting at a wavelength of 488 nm. For each sample, 10 000 events were collected by list-mode data, consisting of side scatter, forward scatter and fluorescence emissions centered at 530 nm (FL1), 585 nm (FL2) and 655 nm (FL3). Winlist (Verity Software House, Topsham, ME, USA) software was employed to analyze the list-mode data. Quantitative calibration of Cy3 fluorescence was performed as described previously. 32 Subtraction of linearized mean FL2 autofluorescence of control cells treated with unlabeled lipoplex from linearized mean FL2 fluorescence of samples transfected with lipoplex containing Cy3-labeled pDNA allowed estimation of plasmid delivered per 10 000 cells. Plasmid delivery was scaled using the total cell number in each of the respective transfection geometries. The measured total plasmid delivery was used in the two-compartment calculational model to estimate the fractional collisional efficiency (f) of experimental treatments.
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